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The decays of charmed particles can provide useful information about strong interactions.
The magnitudes and phases of weak couplings governing these decays are well-specied in
the standard electroweak theory, so that decay amplitudes serve mainly to illuminate the
relative importance of various avor topologies and their relative strong phases. This has
been shown both for Cabibbo-favored decays [1] and more recently for doubly-Cabibbo-
suppressed processes [2]. In the present article we extend these analyses to singly-Cabibbo-
suppressed processes.
The analysis of charmed particle decays has shown that avor SU(3) symmetry is quali-
tatively obeyed, but important symmetry-breaking eects can be identied [3]. As one ex-












to be equal, but they dier by a factor of about three. This eect can be
understood on the basis of SU(3)-breaking in decay constants and form factors [4].
Some interesting opportunities and questions have arisen recently in the context of singly-
Cabibbo-suppressed charm decays. Through the excellent photon and charged particle iden-
tication capabilities of the CLEO detector, it has become feasible to study many decays
involving  and 
0
[5]. The FOCUS Collaboration has recently amassed a large sample of
charmed particles produced by high-energy photons at the Fermilab Tevatron [6]. Close













[9] of the same order as some Cabibbo-favored
two-body modes. We shall show that it is diÆcult to understand the rst of these. While we
do not have enough information to analyze charmed particle decays to VV, we use U-spin to















should also have large rates if the claims are correct and approximate avor symmetry is
valid.
We recall notation in Section II, and update results of Ref. [1] for Cabibbo-favored decays
in Sec. III. We then tabulate results for Cabibbo-suppressed decays, and discuss specic
relations among these decays (and between them and some Cabibbo-favored processes) in
Sec. IV. We remark briey on a relation for V V decays in Sec. V. Open questions are noted
in Sec. VI, which concludes.
2
II. NOTATION
We use the following quark content and phase conventions:





























= (uu+ dd+ 2ss)=
p
6;



















=  su,  = ss.
We denote the tree, color-suppressed, exchange, and annihilation amplitudes by T , C,
E, and A, respectively. The exchange and annihilation diagrams that involve singlet











. For the PV modes, we use the subscripts P and V to refer to those dia-
grams with the spectator quark going into a pseudoscalar meson and a vector meson in the
nal state, respectively. To distinguish between Cabibbo-favored and Cabibbo-suppressed
decay modes, the amplitudes associated with the former are all unprimed, while those with
the latter are primed.
The partial width   for a specic two-body decay to PP is expressed in terms of an
invariant amplitude A as











is the center-of-mass (c.m.) 3-momentum of each nal particle, and M
H
is the
mass of the decaying particle. The kinematic factor of p

is appropriate for the S-wave nal
state. The amplitude A will thus have a dimension of (energy). For PV decays, on the
other hand, a P-wave kinematic factor is appropriate instead, and










In this case, A is dimensionless.






) = 1051  13 fs, M
D
0
= 1:8645  0:0005 GeV with  (D
0





= 1:9685  0:0006 GeV with  (D
+
s
) = 490  9 fs [10].
3
TABLE I: Branching ratios and invariant amplitudes for Cabibbo-favored decays of charmed mesons
to two pseudoscalar mesons.
































































(T + A) 3:9 1:0 743 2:62 0:34
III. CABIBBO-FAVORED DECAYS
In Tables I and II we summarize predicted and observed amplitudes for Cabibbo-favored
decays of charmed mesons to PP and PV . The experimental values are based on Ref.
[10] and supersede those quoted in Ref. [1]. We then extract amplitudes for specic avor
topologies and their relative phases. Only the preferred solutions in Ref. [1] with updated
data analysis are quoted in Table III. These parameters are needed since we will be using
avor SU(3) to relate them to the singly-Cabibbo-suppressed decays. For the sign of relative
strong phases, we use the convention that Æ
AB
means the angle subtended from the amplitude




for the PV modes in Table III, one would get the





























are roughly pointing in the same




, but pointing in almost








, on the other hand, are close to
90
Æ
from the above line.






TABLE II: Branching ratios and invariant amplitudes for Cabibbo-favored decays of charmed
mesons to one pseudoscalar and one vector meson.




























































































































































































3:6 0:9 712 3:61 0:45















would provide information on the magnitude of A
P
. This
pattern was anticipated some time ago by Lipkin on the basis of a G-parity argument [11].
Instead, it is the latter decay which appears to be suppressed, while the former occurs with a
measurable rate. It may be that the ! contains a small admixture of strange quarks, which
would permit it to be produced via a T
V
amplitude, or rescattering eects could induce




. Other Cabibbo-favored processes not














TABLE III: Preferred solutions of magnitudes and relative phases of the invariant amplitudes for
the Cabibbo-favored decay modes.




T 2:67 0:20 |




























































Another possible solution is jT
P
j = (4:46  1:19)  10
 6
. It is disfavored because it gives an even
unacceptably larger lower bound on jA
0
P
j, as will be explained toward the end of Sec. IV B.
IV. SINGLY-CABIBBO-SUPPRESSED DECAYS
The topological amplitude decomposition of singly-Cabibbo-suppressed two-body D de-














A number of relations between singly-Cabibbo-suppressed amplitudes follow from the
U-spin symmetry interchanging s and d quarks [4, 12]. The eective interactions inducing
the transitions c ! sus and c! du

d occur with equal and opposite CKM factors, leading
to a term transforming as U = 1; U
3
= 0. One then obtains the following relations:
6
TABLE IV: Branching ratios and invariant amplitudes for singly-Cabibbo-suppressed decays of
charmed mesons to two pseudoscalar mesons.






























































































































































































































































. The corresponding amplitudes dier by a factor of




' 1:22 and a form factor
7
TABLE V: Branching ratios and invariant amplitudes for singly-Cabibbo-suppressed decays of
charmed mesons to one pseudoscalar and one vector meson.

































































































































































































































































































































































































































































) ' 1:5 [4, 13]. Alternatively, it can be interpreted as saying
that the subprocess c! sus leads to lower-multiplicity nal states than c! du

d, since light







only one light quark capable of radiating soft pions (in the current-algebra sense), whereas
c ! du







has three such quarks. (The u spectator quark also
can radiate soft pions in either case.) Therefore, one would expect the higher-multiplicity
states to be more important in the fragmentation of the c ! du

d subprocess. We shall see













on Cabibbo-favored decays lies between the experimental values for these decays.






is predicted to vanish in the U-spin limit. Both the
initial and nal (J = 0) states have U = 0, while the transition operator has U = 1, as













amplitudes. Indeed, if one were to allow for
dierent eective c! sus and c! du

d transition strengths in the E
0
amplitudes alone, one



















) = 0 ; (7)
which is satised when the amplitudes are relatively real with respect to one another. How-



















(2:8  0:3)  10
 3






) = (5:8  0:6)  10
 3
and kinematic












































































branching ratios. These processes should be observable in the CLEO-c detector. The relation
(10) should be testable in the presence of an E
0
P
amplitude, whose magnitude we shall








(3:6 0:4)  10
 3














) = (2:41:1)%. We shall see,







extrapolating from the Cabibbo-favored PV decays of charmed particles [7], even when one
allows for the most favorable possible interference between contributing amplitudes.
B. Relations between Cabibbo-favored and singly-Cabibbo-suppressed decays
We now make use of the amplitudes determined in Ref. [1] and updated in Sec. III for
Cabibbo-favored PP and PV decays to predict the magnitudes and phases of amplitudes







, all results are consistent with a avor SU(3) symmetry whose breaking
does not exceed expected limits. The magnitudes of the topological amplitudes for singly-
Cabibbo-suppressed modes can be obtained from those for Cabibbo-favored ones listed in
Table III by multiplying a Cabibbo suppression factor of  ' 0:2256. We assume the relative
strong phases stay the same. The resulting amplitudes are shown in Table VI.
In the singly-Cabibbo-suppressed PP decays, some modes can be directly related to their






























































































, which does not have
a counterpart in the Cabibbo-favored modes. Therefore, we use the values given in Table
10
TABLE VI: Real and imaginary parts of the invariant amplitudes for the singly-Cabibbo-suppressed






























































)j ' (5:47  1:30)  10
 7
GeV :




































































)j ' (5:83  0:78)  10
 7
;
where the last line is computed directly using Table VI. It is seen that all the above predicted
amplitude magnitudes agree well with those inferred from the measured branching ratios,
apart from small dierences that can be attributed to SU(3) breaking. Table VII summarizes
the comparison of predicted and experimental amplitudes.
An upper bound on A
P





















 1:4  10
 6
at the 3 level. This in turn implies that the






j  3:1 10
 7
: (13)
Other information about the contribution of A
0
P
can be directly learned from, for example,






. In order to reproduce the 1 lower limit on its amplitude,
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TABLE VII: Comparisons between predicted amplitudes based on Cabibbo-favored decays and the
experimental values for singly-Cabibbo-suppressed decays of charmed mesons.


































































































one must have jA
0
P
j  0:36  10
 7




j ' (8:2 2:6) 10
 7
, a small jA
0
P
j of about 2 10
 7
improves agreement






, assuming constructive interference. How-



























imal constructive interference. This apparently contradicts the upper bound (13) obtained







measured only at a level of slightly more than 2 [8], a denite conclusion cannot be drawn
without more statistics.
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C. Triangle and quadrangle relations



































































































































) = 0 :























) with appropriate coeÆcients can form a triangle.
D. Decays involving  and 
0
The amplitudes for decays involving  and 
0
contain unknown contributions correspond-




in the decays to PP . A satis-
factory description of Cabibbo-favored decays to PP was obtained in Ref. [1] without the
help of such contributions, but the Cabibbo-favored decays to PV nal states involving
such contributions were not seen to follow a pattern describable through the avor-topology




which can determine whether a avor-topology description is suitable for singly-Cabibbo-
suppressed decays of charmed mesons to PP .
We express all amplitudes involving  or 
0






































































with four similar expressions (two for D
+










= 0 one can then plot these expressions in the complex plane, obtaining gures whose
13
TABLE VIII: Complex amplitudes describing singly-Cabibbo-suppressed charmed meson decays
to PP involving  and/or 
0
. Real and imaginary parts of amplitudes are given in units of 10
 6
GeV. An additional unknown term SE
0

































































































































The amplitudes plotted are summarized in Table VIII and described in Figs. 1 and 2.
The points for these D
0




always sum to 1. This is another way of expressing the linear dependence of the various






dependence is not present.










have been measured. Consequently, one may
use them to draw circles about the corresponding points to search for common intersections.
The line between each of these common intersection points and the origin corresponds to
the complex amplitude SA
0
needed to reproduce the data. One solution corresponds to
very small SA
0
, while the other corresponds to a value comparable to the other amplitudes.












will permit a choice between these
two solutions and a test of consistency of the description. A corresponding construction also
will clearly be possible for D
0
decays once these are measured.









 involve just the one unknown singlet amplitude SE
0
P
, allowing a two-fold
14
FIG. 1: Real and imaginary parts of amplitudes for D
0
decays to PP nal states involving 
and/or 
0










































, and again there will be a two-fold solution. One can then test whether the four



























in many amplitudes makes a similar program problematic. Without information on
these quantities, which we found diÆcult to extract from Cabibbo-favored decays, the best
one can do is to extract two possible solutions for SA
0
P









, and two possible solutions for SA
0
V










. One can, at least, see whether there is a need for disconnected diagrams
in these processes.
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decays to PP nal states involving
 and/or 
0












































denote central values of the corresponding magnitudes.
V. REMARKS ON V V DECAYS






appears to be enhanced beyond that for a typical















should hold separately for each partial wave (L = 0; 1; 2) as a consequence of U-spin.







, so they cannot be directly applied
unless we know the partial-wave decomposition of the decays. However, we can obtain a







by assuming that the decays
are dominated by L = 0. Given that p

= 273 MeV for the D
+


















(2:1 0:9)%. If components with L 6= 0 are present this value becomes a lower bound.
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VI. OPEN QUESTIONS AND SUMMARY
We have some evidence that the avor-topology approach is limited in usefulness from












! to t any reasonble




. Furthermore, it appears that disconnected quark













. One would expect analogues of these puzzles to appear in













noted by Close and Lipkin [7] are the most prominent candidates for such puzzles.
It will be interesting to see the progress of future experimental studies, for example at
CLEO-c, of these decays.
We have shown that aside from the two decays just noted, a reasonable description
of PP and PV singly-Cabibbo-suppressed decays of charmed mesons appears possible by
extrapolation from the Cabibbo-favored decays. As in the case of Cabibbo-favored decays,
various amplitudes have non-trivial relative strong phases, indicating that these amplitudes
are probably generated by nal-state interactions governed by long-distance physics.
Decays involving  and 
0
can be described if one is prepared to consider avor topologies
involving disconnected diagrams. The magnitudes of such amplitudes remain to be studied,
but there are enough processes that once a few of them have beem measured, predictions
will be possible for the remaining ones. Such studies bear the promise of useful insights
on the strong interactions governing nal-state interactions in charm decays, and may also
shed indirect light on such interactions at the higher energies characterizing the decays of
hadrons containing b quarks.
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